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SOME MEASUREMENTS OF' TERRAIN
EFFECTS ON BLAST WAVES

Summnary. -- During Operation Buster some of the nearby hills were instrumented
using pressure gauges in an attempt to explore the manner in which terrain features influence
the' propagation of blast waves. Because of loss of records from experimental difficulties
and lack of duplication of gauges, results are, at best, fragmentary. The evidence on the
protective effects of hills is inconclusive, but there is definite evidence of a change in a blast
proceeding up the front of a hill.

tentof the Problem

That terrain features, such as hills and valleys, influence the propagation of blast 'Waves
is evident from a study of damage done to Nagasaki. There damage was concentrated along a
river valley and reached farther from the zero point than in the flat country about Hiroshima,
while in areas sheltered by the hills to the southeast there was but little damage. Thus some
idea has been obtained of the effects to be expected from irregularities of the earth's surface,
but it is desirable to extend this qualitative start to the point where quantitative, though em-
pirical, rules for prediction of damage can be formulated.

No evidence on terrain effects other than that from Japan is available. At a meeting of
representatives frorr J-Division, Los Alamos Scientific Laboratory, and the Weapons Effect
Department of Sandia Corporation on July 17, 1951, it was suggested that the time is ripe to
begin exploration of the problem. Accordingly there was included in the joint blast effects
program of the two agencies a project whose stated purpose was 'to explore the manner in
which gross terrain features influence the propagation of blast waves.'

Planning for this project 'was undertaken by M. L. Merritt for the Corporation; instru-
mentation was done by the Corporation's Field Test Organization. 1630, and the actual work
was done under the direction of W. A. Finchum.

Instrumentation and Layout

Limited time (approximately three months), coupled with its lesser importance com-
pared with other tests under way, kept the te~rrain effects test on a very modest scale. The
problem was to gain a maximum of information using about six gauge stations and relying only
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on readily available equipment. Interferometer gaugesi were chosen for this purpose, these
gauges are self-recording onto film and require only start and timing signals. Diaphragms
were available whose sensitivities were such (1/10 psi/fringe shift) that they could measure
with an accuracy of 5 per cent pressures in the range 1/2 to 3 psi. Control circuits appli-
cable to this use had been developed for the Jangle operation, and it was necessary only to
increase quantities on order, particularly of batteries.

The already chosen ground zero dictated the terrain to be instrumented. Site T-7 lies
about two miles from the hills bordering the Yucca Flat valley (Nevada test site) on the east;
the under limit of accurately measurable pressures (1/2 psi) indicated that any area chosen
should be within four miles of the shot point. The area chosen is a long draw, opening into the
plain about 2-1/2 miles northeast of T-7; this draw is about 4000 feet wide at the opening and
flanked by hills 300-500 feet high. From the entrance it looks like a large bowl in which the
waterway curves off to the right and a space is set off behind an isolated hill to the left.

Instrumentation consisted of a control point and six instrument stations. At the control
point was a motor generator for power and equipment to send start and time signals to the
several instrument stations. At each of the instrument stations was an interferometer gauge,
mounted with its sensitive area flush with the ground, and a bank of dry-cell batteries for the4
gauge itself.

The locations of the instrument stations werq (Figs. 1-3): one (gauge station 5)1wel~l
out in the open to determine the nature of the blast wave before it entered the area of interest;
one (statiorm 3) in the middle of the valley, one (station 2) at the head of the valley at the start
of the slope, and one (station 1) well up the slope (stations 1, 2, and 3 followed the progress
and change in character, if any, of the blast wave as it went up the valley); and two (stations
4 and 6) in the lee of a hill to the north to explore the shadow effect of the hill.

In Fig. 4 are shown profiles of the terrain over which a direct line must pass from shot
point E to gauges 4 and 6 and from shot point E to gauges 5, 3, 2, and 1. It is not to be under-
stood that the blast wave actually travelled these paths since they are not necessarily the paths
of least transit time; for instance, the wave passing over the hill between the shot point and
gauge 4 was very possibly bent around the sides of the hill as well as passing over the top, but
these profiles are nevertheless indicative of the type of obstruction which the blast encountered
and are presented as such.

Test Results

The number of usable records resulting was embarrassingly small. The yield from
shot A was so small that the signa~l did not arrive when expected. In shot B the equipment
failed to turn on because it received no signal at minus 5 minutes. In shot C the gauges were
turned on late so that records from three of the six positions show only the negative phase of
the blast. Experimental difficulties in shot D were such that three gauges did not turn on.
In shot E, for some undetermined reason, no blast shows on the record from position 5.
Added to all these misfortunes, timing marks do not appear on two of the records.

In all there were nine complete and five incomplete records (Table 1). Complete or in-
complete, fourteen sets of data are available. These are plotted as solid lines in Figs. 5-18;
broken lines indicate predicted air pressures (see p 28). In the inserts details of the first
100 milliseconds -of the pressure record are plotted to an expanded time scale.
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Fig. 1. -- Aerial view showing relation of test area to shot point
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Fig.2- Aerial view of test area
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All gauges used in this series had calibratiow of the order of 0. 1 psi per fringe shift;
thug a clear record can be read to an accuracy of -0. 025 psi. Not all were 'clear records';
C3 and D3 were dark, and E2 was quite light, but inaccuracies for these three records were
probably not greater than ±0. 05 psi. A check was made on all complete records to ascertain
that the final pressure was nearly the same as the initial pressure.

The time scale was determined from millisecond timing marks put on the film at the
same time as the record. These marks can be counted as accurately as human patience will
allow, which usually means that in 1000 milliseconds an error of one or two may have accumu-
lated. From two records, D3 and E4, the timing marks are lacking. The data from these
are presented in Figs. 12 and 17 to a time scale estimated from the records of C3 and C4
(no time accuracy is claimed for these graphs). All times were measured from the shock
fronts; relative times among the records and absolute times with respect to the time of deto-
nation of the bomnh are not known.

Predictions

These dat'a were accumulated with the intent of finding the influence of ground features
on the pressures recorded. It was therefore desired to estimate the pressures that would
have been present at the pisitions of the gauges had the ground been flat. These 'predicted
air pressures,'I as they will henceforth be termed, were calculated by a method used before
by this group and further simplified as justified for the relatively weak shocks~t

In Figs. 5-18 the broken lines show the predicted air pressures for positions other than
the standard. Position 5 was established well out in the open to serve as a standard from which
the predictions might be made. It was so used in shots C and D. As indicated in Table 1, re-
cord E5 was missing; hence predictions for series E were made from E3.

Discussion of the Data

A conventional or textbook description of a blast wave tells of a sharp pressure front
followed by a decrease in pressure to that of the undisturbed air and an overshoot into a long
negative phase. 2The records of these tests show air pressures of a much different character,
particularly in their negative phases. The conventional wave has a negative phase (A, Fig. 19)
which varies smoothly throughout.

*This notation is used throughout this report; 'C3' or 'record C31 means the record from
gauge 3 during shot C.

tSee Appendix I to this report and also Appendix I of reference 7.
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Fig. 19. -- Conventionalized blast wave

Fig. 20. -- Observed blast wave

The observed blast wave has an interrupted negative phase (B, Fig. 20). A small shock (C) is
sometirles seen at the beginning of the negative phase; this second shock has been observed
before. The striking feature is the shock or near-shock (D) with which the negative phase
ends. Certainly an 'after shock' is a phenomenon which should be expected; the same process
which acts to steepen the front of an adiabatic wave into a shock would be expected to steepen
the end of a conventional negative phase into a shock. Such shocks from shells and bullets
have been observed, 4 the complete phenomenon being called a 'ballistic' or 'N-wave, ' and
there are numerous stories of blasts being heard from afar as two distinct sounds. By a
fortunate coincidence the area which was instrumented for this series of tests turned out to be
that in which the after shock was forming.

Some semiquantitative ideas of the effects of the ground features about the gauges can
be gained by looking at the corresponding graph (Figs. 5-18).

Gauges 4 and 6 were set behind a hill to explore whatever shadow the hill might produce.
Unfortunately the time scale for record E4 (Fig. 17) is missing, but the pressures measured
are still good. Neither the positive nor negative peak pressures were as great (by 9-24 per
cent) as predicted. Comparison C4, which shows the negative phase only, shows the peak
negative pressure to be 10 per cent less than was expected. In records C6 and E6 (Figs. 10
and 18) after an initial peak which rises 12 per cent higher than predicted, the pressure drops
below and tends to remain slightly lower than the predicted air pressure. All these results
and'those to follow are summarized in Tables IU, M, and IV so far as they can be formulated
quantitatively.

Gauges 3, 2, and I were set to explore the effect of a blast wave proceeding up a valley
to and up a hill at the upper end. Comparisons C3 and D3 (Figs. 7 and 12) are of the negative
phase only, D3 without a time scale. C3 agrees closely with the prediction, but D3 does not.

29



TABLE II

Summary results on pressures

P+ (psi) P- (psi)
Distance Per cent Per cent

Record (ml) Predicted Observed* differential Predicted Observed differential

C1 3.62 .56 .85 52 23 25 9
C2 3.53 24 25
C3 3.05 28 29
C4 2.78 30 27 -10
C5 2.29 1.08 37
C6 2.96 .72 .81 12 29 31

Dl 3.62 .58 .76 31 28 30
D3 2.05 32 25 -22
D5 2.29 1.02 42

El 3.37 .72 .96 33 36 40 11
E2 3.27 .74 .72 37 37
E3 2.80 .91 425
E4 2.42 1.06 ..97 -9 50 38 -24
E6 2.61 .99 1. 11 12 46 50 9

*P+ (obs) for station 1 is pressure excluding the spike.
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TABLE IV

Summary results on impulses

Pu.Ative impulse (psi-msec) Negative impulse _(psi-msec)
Per cent Per cent

Record Predicted Observed differential Predicted Observed differential

Cl 323 298 -8 285 334 +17
C2 293 314 7
C3 330 355 -7-1/2
C4 378 287 -24
C5 506 448
C6 388 336 -13 346 379 9-1/2

D1 366 329 -10 406 476 17
D3 No timing marks
D5 600 632

El 564 500 -11 705
"E2 576 518 -10 7650*
E3 696 7670*
E4 No timing marks
E6 744 670 -10 7750*

*In these three the pressure had not returned to zero by the end of the record.
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At position 2 results become more positive. In each of C2 and E2 (Figs. 6 and 15) the
negative phase is considerably longer (10-15 per cent) than predicted. In E2 the pressgure has
risen more or less as predicted, but after 750 milliseconds the observed pressures drop below
those predicted and continue so until well into the negative phase. The net result is that the
positive impulse is smaller and the negative impulse larger than predicted.

Records from position 1 (Figs. 5, 11, and 141 are the most satisfactory of all, both in
terms of completeness and in terms of signs of definite terrain effects. In each there is evi-
dence of a Mach stem in the high spike at the beginning of the record. That a Mach stem should
be present is evident from the physical configuration: the gauge measured pressures pars way
up an inclined plane, and just such a configuration is used by the Princeton? and the BRLa
teams to produce stems. Note further that the ratio between the actual pressure at the peak
of the spike and the pressure indicated by extrapolation excluding the spike is very close to
two. These data are presented in Table V, the extrapolations are presented in inserts to
Figs. 5, 11, and 14.

TABLE V

P(spike)
Record _P( spike) P(extrapolated) Plextrapolated)

Cl1 1.81 .85 2.13
D1 1.42 .75 1.89
El1 1.46 .70 2.09

These two circumstances lead one to attribute the initial spikes of records Cl, Dl, and
El to Mach stems. The duration of the spike is 2 5-50. milliseconds. This time presumably
depends on the position of the gauge on the slope; the nearer the gauge to the bottom, the
smaller would be -the anticipated effect of the slope and hence the shorter the duration of any
such spike.

If the spike is excluded, the remainder of the observed pressure-time curve differs from
the predicted curve in yet other respects. For the range 300-400 milliseconds the observed
pressures are greater than the predicted pressures, while thereafter they are smaller. The
positive impulse is nearly that predicted because the peak pressure is higher but the duration
in shorter than predicted. Whereas the Mach spike Is almost negligible because of its short
duration, this 'hill effect' lasts almost the whole time of the wave.

In the somewhat different circumstance of diffraction of blast waves about man-made
'structures 7, 8 there has been noticed an apparent shortening of positive durations of the
pressures on the front faces of obstacles. Of course the two cases differ in the very much
smaller scale of the buildings in their rectangular cross sections, but it is interesting ~to note
this further evidence of an effect not seen in shock tubes.

Conclusions

Because of the small number of satisfactory records, the results of this test series are
few and fragmentary., Perhaps the most important finding is the evident need for additional
work -less ambitious Iin scope and more ambitious in detail.
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There are vague indications that a hill will produce a shadow. The shadow seems to bevery weak, as diffraction leaves the pressures there almost as strong as in the open. If this
conclusion is correct, decrease in damage behind hills will be limited to borderline cases.

There is no evidence of a strengthening of the blast along this particular valley, but
neither is there evidence against it.

There is a very definite hill effect. The stem formed on the hill's fore s-lope was of too
short duration to damage any but the most fragile objects, but the change in shape of the re-
mainder of the wave may have appreciable effects. F'or frames and structures where the
times necessary to do serious damage are relatively long, the decrease in impulse may lead
to an actual decrease in damage. For covering materials and building elements characterized
by threshhold responses, the increase in pressure may lead to an increase in damage.
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Appendix I to:
SOME MEASUREMENTS OF TERRAIN

EFFECTS ON BLAST WAVES

To predict the air pressure at a point farther from ground zero than that where the air
pressure is known, an approximate method was used which combines the Riemannian form of
the equations of fluid motion with the Rankine-Hugoniot equations of shock motion.

The Riemann equations describe the air flow behind a shock and were used to predict the
change in shape of the air pressure curve. For moderately weak shocks diverging spherically
these become

5 1 5
Q = - .u- constant 3t co

N -$c+u 5 N (8) (1)

N+ (c+u) - cu
at ar r

P " Po

The meaning of these equations is that a pressure 8 behind a shock front can be charac-
terized by a function N (8) that advances at the rate

dr c + u (2)

and at the same time decreases as

dN cu (3)
dt r

If the pressure-time curve of a blast wave at one distance from the shot, p (r 0 , t), is
known, the pressure-time curve at a greater distance r a r 1 > r 0 can be inferred. To each
point p (r 0 , to) of the known curve there is a related point p (rl, tl) on the predicted curve.
The shock front travels at a rate of propagation U < c + u; its new position is marked on a
graph, with the results of the application of equation 1, and that part of the pressure wave
apparently in front of the shock is thrown away. Thus the progress of a wave may be traced
as it goes away from the zero point, changing in shape and decreastnq in maximum amplitude.

In these tests the overpressures are so small compared with the ambient air pressure
(8<. 1) that the process is much simplified by expanding the various formulae concerned into
power series in 8. Thus to the second order

d8 .uc I (c+u) dN
dr r ~~ (4)

S- 1 )/r
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and integrating

A 1
r (1 + 

(56)
A + A2  (5)

r r

A little algebraic manipulation then yields

Po- a - 1 (1- r0)( + r1  (6)
PO 0 r2 7 1 r- 2

as a working formula for relating the pressure at a predicted point P(rl, t,) to that at a known
point P(r 0 , to) on an air-pressure curve.

For relating the predicted times, t1 , to the observed times, to, start with equation 3 in
the form

dr (I3 18 2dr (7dt z _--6O (7)

Substituting equation 5, integrating, and manipulating gives

r2r, 6 rl 1 r2 4 rlIdt a r 2 "rl 6 rl 15)[In - 6- 6 (1- (8)

dt i(---o-) - 5 (1 - 1'- rl 1 r

In this treatment several approximations have been made in which the errors are very small
because of the low overpressure levels concerned. The power series expansions were made
by assuming that the Rankine-Hugoniot expressi-ns for particle and sound velocity hold all
through the shock wave and not merely at the shock front. This assumption differs from
actuality only in terms of 63 and greater, all of which terms have been neglected in equations
6 and 8. In the expressions as they are left the second order terms are only I per cent or less
of the first order terms.

A more serious error lies in the assumed sphericity of the wave. Estimate of this error
is uncertain, but an idea of its magnitude can be gotten.in realizing that the distance of the
gauges from ground zero was about ten times the burst height and that the lateral spread of
the gauges amounted to not more than 15 per cent of the distance of any gauge from ground
zero. The predicted change in pressures from the standard was not more than 15 per cent
and errors attributable to nonsphericity are of the order of 10 per cent of this decrement so
.nat the net error amouits tQ less than 2 per cent.

Finally, predictions are no better than that curve from which they are made, and because
the standard curves were taken to be good to +. 025 psi, the indicated error in prediction from
all sources is . 025 psi plus 2 per cent of the pressure at any tfnt.
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